JmjC (Jumonji C) domain-containing proteins are known to be an extensive family of Fe(II)/2-oxoglutarate -dependent oxygenases involved in epigenetic regulation of gene expression by catalyzing oxidative demethylation of methylated histones. We report here that a human JmjC protein named TYW5 unexpectedly acts in biosynthesis of a hypermodified nucleoside, hydroxywybutosine (OHyW), in tRNA Phe by catalyzing hydroxylation. The finding provides an insight into expanding role of JmjC protein as an RNA hydroxylase.
The ferrous iron (Fe

2+
) and 2-oxoglutarate (2-OG)-dependent oxygenases are a superfamily of enzymes that catalyse a wide range of reactions including hydroxylation, demethylation, oxidative ring closures for a variety of substrates including metabolites, nucleic acids and proteins(1). Recent studies have revealed emerging roles of this family of oxygenases involved in histone demethylation, DNA demethylation, protein stabilization, hypoxia sensing and fatty acid metabolism. JmjC (Jumonji C) domain-containing proteins, an extensive family of Fe(II)/2-OG-dependent oxygenases, play a key role in epigenetic control of gene expression, by catalyzing oxidative demethylation of a series of methylated histones including histone H3 at Arg2, Lys4, Lys9, Lys27 and Lys36, and histone H4 at Arg3 (2) (3) (4) . In addition, the JmjC protein FIH-1 hydroxylates an Asp residue in HIF-1α to regulate hypoxic responses (5) . JmjC is an evolutionarily conserved domain widely found in proteins from bacteria, fungi, plants and animals. There are still many JmjC proteins whose functions remain 2 elusive.
Many post-transcriptional modifications required for accurately deciphering the genetic code are found in tRNAs (6) . Wybutosine (yW) and hydroxywybutosine (OHyW) (Fig. 1A) are hypermodified guanosines found at position 37 of the phenylalanine tRNA (tRNA Phe ) in yeast and mammals, respectively (Fig. 1B) (7, 8) . yW plays a critical role in maintaining the reading frame by stabilizing codon-anticodon pairing (9) . The yW synthesis is initiated from N 1 -methylation of G37 (m 1 G) formation catalyzed by Trm5p (Fig. 1C) . Further steps of yW synthesis are catalyzed by four enzymes Tyw1p, Tyw2p, Tyw3p and Tyw4p, which we and other groups identified in yeast ( Fig.  1C ) (10) (11) (12) . The multistep enzymatic formation of yW from yW-187 can be reconstituted in vitro using recombinant Tyw2p, Tyw3p and Tyw4p (10) . In the last step of yW formation, Tyw4p catalyzes both methylation and methoxycarbonylation of the bulky side chain of yW at a single catalytic site, and, in the latter reaction, the methoxycarbonyl group is formed through the fixation of carbon dioxide (13) . In mammalian tRNA Phe , the β-carbon of the side chain in yW is further hydroxylated to form OHyW (Fig.  1A) . The functional role and biogenesis of this additional modification has never been studied. 
EXPERIMENTAL PROCEDURES
Strains, media and plasmid
RNA mass spectrometry
To analyze RNA nucleosides, total RNA (20 μg) from the yeast strains, A. oryzae, or human tissure culture cells was digested to nucleosides and analyzed by LC/MS using ion trap mass spectrometry as described (14, 15) . To analyze RNA fragments of tRNA Phe digested by RNase A, a capillary LC coupled to nanoESI-MS was used as described previously (14, 16, 17) .
RNA interference
The short hairpin RNAs (shRNAs) targeting hTYW5 and GFP, as a control, were designed and prepared as described (18) . Sense strands of the shRNAs were 5'-gcagcugaagagaaacaua -3' for hTYW5 and 5'-ggcacaagcuggaguacaa-3' for GFP. The shRNAs were introduced into HeLa cells using Lipofectamine RNAiMAX(Invitrogen) as described (19) . Five days after transfection, the cells were harvested and RNAs were extracted using TRIzol (Invitrogen). The steady-state level of hTYW5 mRNA was then measured by real-time RT-PCR using a set of primers, 5'-gaggaacagttcttttccagtg-3' and 5'-actgggcatctcgaggactg-3', showing that the level of hTYW5 mRNA was decreased to 33% of that of the control cell.
Isolation and purification of individual tRNAs from yeast and HeLa cells
To isolate individual tRNA Phe , we used the reciprocal circulating chromatography (20 Corporation) for 3 h at 37 °C.
RESULTS
Identification of TYW5 responsible for OHyW formation
By searching for TYW4 homologs among eukaryotes, we found that TYW4 homologs from several species of fungus including Aspergillus oryzae are fused to a JmjC domain (named TYW5) at its C-terminus (Fig. 2AB) . Since the JmjC domain demethylates the methylated histones by a hydroxylation reaction, we hypothesized that this additional domain catalyzes hydroxylation of yW to form OHyW. In fact, OHyW was detected in A. oryzae tRNAs (Supplemental Fig. 1 ). Intriguingly, in vertebrates including humans, this JmjC domain is found as an independent protein (named hTYW5) and is not fused to a human homolog of TYW4 (hTYW4) (Fig. 2AB) . In human TYW5, Y106 and K175 are required for 2-OG binding. H160, D162 and H235 are residues in the H-x-D/E-Xn-H motif that are required for Fe(II)-binding (Fig. 2B) . Similar approach to predict an enzyme for hydroxylation of OHyW in silico has been reported independently(21).
To demonstrate that hTYW5 encodes the hydroxylase that specifically generates OHyW, we knocked down hTYW5 in HeLa cells by RNAi. Mass spectrometric (LC/MS) analysis revealed that the OHyW peak decreased, and the yW peak appeared in the cell treated with an shRNA targeting hTYW5 (Fig. 3) . These data clearly showed hTYW5 to be a hydroxylase mediating formation of OHyW.
Formation of OHyW in yeast cells by introduction of hTYW5
We then introduced a plasmid encoding hTYW5 into a wild type strain (WT) of S. cerevisiae and found that a small amount (~10%) of OHyW was formed in the cells (Fig. 4A and Supplemental Fig. 2A) . Next, hTYW5 was expressed in a yeast deletion strain of TYW4 (ΔTYW4) in which yW-72 (hypomodified yW) is formed (Fig. 4B) . Approximately 60% of yW-72 was converted to OHyW-72 ( Fig.  4B and Supplemental Fig. 2B ). These data suggested that hTYW5 preferentially hydroxylates yW-72 rather than the fully-modified yW. Introduction of hTYW5 in ΔTYW3 cells did not result in the hydroxylation of yW-86 (Fig. 4C) , suggesting that hTYW5 needs a methyl group at the N 4 position of the tricyclic base (Fig. 1A) for hydroxylation.
In vitro reconstitution of OHyW
Using recombinant hTyw5p, we performed an in vitro hydroxylation of tRNA. The tRNA Phe isolated from WT, ΔTYW4 and ΔTYW3 strains were used as substrates. In the presence of Fe(II) and 2-OG, yW-72 in tRNA Phe was efficiently hydroxylated to form OHyW-72 by hTyw5p (Fig. 5A) , whereas yW in tRNA Phe was not hydroxylated (Fig. 5B) . The data is consistent with the observation of OHyW formation in yeast cells by introduction of hTYW5 (Fig. 4A) . After hydroxylation, tRNA Phe bearing OHyW-72 was further incubated with yeast Tyw4p in the presence of AdoMet and carbonate (10, 13) . As shown in Fig.  5C , OHyW was efficiently reconstituted. To confirm whether OHyW reconstituted in vitro was identical to that isolated from HeLa cell, total nucleosides of the reconstituted tRNA Phe were subjected to LC/MS/MS analysis to observe product ions of the base-related ion (BH 2 + ) of OHyW produced by collision-induced dissociation (CID). We observed similar profiles of product ions from both CID spectra (Supplemental Fig.  3 ), demonstrating that OHyW was reconstituted from yW-72 through two consecutive reactions catalyzed by hTyw5p and Tyw4p in vitro. Loss of OH group, presumably derived from OH of β-carbon, is a characteristic dissociation of OHyW (Supplemental Fig. 3 ). Collectively, in the biogenesis of OHyW, hTyw5p employs yW-72 in tRNA Phe as a substrate by recognizing N 4 -methyl group to hydroxylate β-carbon of the propyl group, followed by methylation and methoxycarbonylation of the side chain catalyzed by Tyw4p for completion.
DISCUSSION
We here showed evidence that hTyw5p is a bona-fide hydroxylase for OHyW formation in tRNA Phe . This is the first report of JmjC domain-containing protein being involved in an RNA modification. This finding revised our knowledge of JmjC domain as a protein hydroxylase. JmjC domain seems to be a versatile module for hydroxylation of various molecules in the cell. Other instances of hydroxylation mediated by JmjC domain might be discovered in the future.
It was an intriguing observation that TYW5 is fused to TYW4 in fungi. Considering the last two reactions of OHyW formation are coupled, fusion of enzymes that are involved in the same pathway would bring certain advantages to facilitate the biogenesis. We previously reported a similar case of fusion protein in plant, which consists of TYW2, TYW3 and C-terminal domain of TYW4 (10) .
In vitro reconstitution of OHyW revealed a strict substrate specificity of Tyw5p which employs yW-72 as a substrate, but does not recognize yW-86 nor yW. Structural studies of Tyw5p complexed with tRNA Phe bearing yW-72 will be necessary to clarify molecular basis of the substrate specificity.
Biological function of OHyW remains elusive. When we knocked down hTYW5 by siRNA, no significant phenotype was observed (data not shown). In addition, OHyW is a partial modification of yW ( Fig. 3 and Supplemental Fig. 1 ). It is difficult for us to consider functional importance of this modification, although there still might be its modulatory function to maintain reading frame during decoding. Since Tyw5p requires dissolved oxygen as a substrate for hydroxylation of tRNA, Tyw5p might sense concentration of dissolved oxygen so that relative fraction of OHyW might be variable due to partial pressure of oxygen in the cell. Otherwise, the hydroxyl group of OHyW confers water solubility of yW, facilitating excretion of the modified base as a metabolic product of tRNAs from our bodies.
To investigate functional importance of OHyW, it will be worth trying to construct TYW5-null animal or plant, and its behavioral analysis would be the most informative experiment. 
